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[57] ABSTRACT 
Novel ?uorescent precipitating substrates made from a 
class of ?uorophores, generally including quinazoli 
nones (quinazolones), benzimidazoles, benzothiazoles, 
benzoxazoles, quinolines, indolines, and phenanthri 
dines, having the general formula: 

II 
/C1 

where carbon atoms of —C1=C2— are further 
joined so as to complete a ?rst 5- or 6-membered 
aromatic ring which may contain at least one of the 
hetero atoms N, O or S, 

where carbon atoms of -—C4-—N-_-C3— are further 
joined so as to complete a second 5- or 6-membered 
aromatic ring that contains at least the nitrogen 
between C3 and C4 and may contain at least one 
additional hetero atom N, O or S, 

' where the ?rst and second aromatic rings may be 
joined by a 5- or '6-membered bridging ring that 
contains at least the C2 from the ?rst aromatic ring 
and the C3 from the second aromatic ring, which 
bridging ring may be saturated or unsaturated and 
may contain a hetero atom N, O, or S, 

where each of the ?rst and second aromatic rings 
may be fused to at least one additional aromatic 
ring that may contain at least one of the hetero 
atoms N, O or S, and 
where each of said aromatic rings may be further 
modi?ed by substitution of any hydrogens on an 
aromatic carbon by substituents that are halogen, 
nitro, cyano, aryl, lower alkyl (1—4 carbons), 
per?uoroalkyl (1-4 carbons), or alkoxy (1-4 
carbons), or any combination thereof; and 

X? is covalently linked to the oxygen —O— at C1. 

17 Claims, 6 Drawing Sheets 
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ENZYMATIC ANALYSIS USING SUBSTRATES 
THAT YIELD FLUORESCENT PRECIPITATES 

This invention was made with Government support 
under grant GM 38987 awarded by the National Insti 
tutes of Health. The Government has certain rights in 
this invention. 

FIELD OF THE INVENTION 

This invention relates to a class of novel ?uorogenic 
substrates for detecting enzyme acityity, particularly 
that of glycosidase, phosphatase, and sulfatase enzymes. 
The enzyme acts on the appropriate substrate to yield 
?uorescent products that are speci?cally formed, non 
toxic, and insoluble in aqueous systems. 

BACKGROUND OF INVENTION 

Detection of enzyme activity is useful in the analysis 
of a biological or chemical sample, such as whole or 
ganisms, cells or cell extracts, biological fluids, or 
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2 
enzymes oxidize aryl alkyl ethers to give the phenol and 
an aldehyde or acid. 

Most'phosphatase and sulfatase enzymes are nonse 
lective for the structure of the alcohol. Two types of 
phosphatase enzymes have been identi?ed, however, 
that have different optimal pH for their enzymatic ac 
tivity (pH optima about 10 and about 5 respectively). 
The aryl sulfatase enzyme most closely resembles the 
acid phosphatase in pH optimum and substrate tum 
over. Guanidinobenzoatase is a cell surface protease 
characteristic of several human tumor cell lines, which 
is not detectable in normal human cell strains. Esterases 
have structural requirements that range from those that 
hydrolyze esters of the lower carboxylic acids (usual 
ly<about 4 carbons) to the “lipase” enzymes that opti 
mally hydrolyze esters of the longer carboxylic acids 
(usually>about 8 carbons). There are several cyto 
chrome enzymes (isoenzymes) that differ in their ability 
to metabolize aryl ethers depending on the source of the 
enzyme. Table 1 lists some commonly investigated en 
zymes and their target groups. 

TABLE 1 

REPRESENTATIVE ENZYMES 

E C. NO. ENZYME TARGET GROUP 

3.2.1.20 a-Glucosidase a~D-Glucose 
3.2.1.21 B‘Glucosidase B-D-Glucose 
3.2.1.22 a-Galactosidase a-D-Galactose 
3.2.1.23 [3—Galactosidase B-D-Galactose 
3.2.1.24 a-Mannosidase a-D-Mannose 
3.2.1.25 B-Mannosidase B-D-Mannose 
3.2.1.30 N-Acetyl-B-glucosaminidase B-D-N-Acetyl-Glucosarnine 
3.2.1.31 B-Glucuronidase B-D-Glucuronic Acid , 
3.2.1.38 B-D-Fucosidase B-D-Fucose 
3.2.1.51 a-L-Fucosidase a—L-Fucose 
3.2.1.— B-L-Fucosidase B-L-Fucose 
3.2.1.76 L-Iduronidase a-L-Iduronic Acid 
3.2.1.4- Cellulase B-D-Cellobiose 
3.2. 1 .— a-Arabinopyranosidase a-L-Arabinopyranose 
3.2.1.37 B‘Xy1osidase B-D-Xylose 
3.2.1.18 a-N-Acetyl-neuraminidase a-D-N-Acetyl-neuraminic acid (Sialic acid) 
3.1.l.— guanidinobenzoatase aryl esters of p-guanidinobenzoic acid 
3.1.3.1 alkaline phosphatase aryl or alkyl phosphate monoesters 
3.1.3.2 acid phosphatase aryl or alkyl phosphate monoesters 
3.1.6.1 aryl sulfatase aryl sulfate monoesters 
3.3.3.41 4-nitrophenyl phosphatase aryl phosphates 

chemical mixtures. For example, information about 
metabolism, disease state, the identity of microorgan 
isms, the success of a genetic manipulation, or the quan 
tity of toxins, can be gained from evaluating the activity 
of certain enzymes. Furthermore enzyme conjugates 
are often used as sensitive bioanalytical tools for detec 
tion of analytes. 
Enzyme activity is often detected through the use of 

a synthetic substrate. The endogenous substrates of an 
enzyme are used in designing synthetic substrates. Sev 
eral glycosidase enzymes are known to target speci?c 
glycosides (R-O-Gly) to yield the corresponding carbo 
hydrate and an organic alcohol or phenol (R-OH). 
Phosphatase enzymes catalyze the conversion of certain 
phosphate monoesters (R-O-P(O)(OH)2) to inorganic 
phosphate (Pi) and an organic alcohol (R-OH). Simi 
larly, organic alcohols or phenols result when sulfatase 
enzymes liberate inorganic sulfate from some sulfate 
monoesters (R-O-SO3H) or when guanidinobenzoatase 
enzymes hydrolyze aryl esters of p-guanidinobenzoic 
acid (R-O-(C:O)-C6H4-NH-(C:NH)-NH;). Carbox 
ylic acid esters (R-O-(C_—_O)-R') are hydrolyzed by 
esterase enzymes to alcohols and acids. Cytochrome 
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The synthetic substrates for many enzymes, including 
those in Table 1 as well as many esterases and cyto 
chrome enzymes, are consistently based on the same 
organic alcohol or phenolic precursors, differing only 
by the nature of the leaving group (e.g. phosphate, 
sulfate, guanidinobenzoate, carboxylic acid, carbohy 
drate, or alkyl alcohol). The synthetic substrate should 
not inhibit the enzymatic reaction so that the enzyme 
can produce enough product so that it can be detected 
(enzyme ampli?cation of the detection product). Most 
synthetic substrates have been designed so that the pres 
ence of the enzyme (or enzyme conjugate) results in a 
detectable phenolic product, e.g. formation of a soluble 
colored or fluorescent product or formation of a precip 
itate. 
Common substrates that yield soluble chromogenic 

(but non?uorescent) products include phosphate or 
sulfate monoesters or glycosides of o-nitrophenol, p 
nitrophenol, thymolphthalein and phenolphthalein. 
Fluorogenic substrates derived from such phenols as 
various 7-hydroxycoumarins, 3-O-methyl?uorescein, 
8-hydroxypyrene-l,3,6-trisulfonic acid, flavones or var 
ious derivatives of a- or B-naphthols typically yield 
soluble ?uorescent products. Although assays based on 
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?uorescent products are generally preferred because of 
their greater sensitivity, they are de?cient in a number 
of properties for analytical measurement of enzyme 
activity in vivo and in vitro. 
None of the reported ?uorogenic substrates that yield 

soluble products are optimally detected below a pH of 
about 6. With many substrates it is necessary to adjust 
the pH of the dye product to above 10 to obtain the 
maximum ?uorescence ef?ciency. Assays that require 
such a change in pH or the addition of other develop 
ment reagents are not readily adapted for highly auto 
mated analytical procedures. In addition, soluble reac 
tion products, whether ?uorescent or colored, readily 
dill use away from the site of activity, especially in in 
vivo applications. 

Certain substrates for phosphatase, sulfatase and 
some glycosidase enzymes are known to yield colored 
precipitates that are not ?uorescent. The best known of 
these are 5-bromo.4-chloro-3-indolyl phosphate (BCIP) 
[Leary, et al., PROC. NATL. ACAD. SCI. 80, 4045 
(1983)], 5-bromo-4-chloro-3-indolyl galactoside (X 
Gal), several other “X-glycosides” that are similar to 
X-gal and the corresponding 5-bromo-4~chloroindolyl 
sulfate [\Volf, et al., LAB. INVEST. 15, 1132 (1966)]. 
Following enzymatic hydrolysis, the colorless 3 
hydroxyindole intermediates are converted to insoluble 
indigoid dyes by oxidation with a second reagent or 
more slowly by molecular oxygen. 

Menton, et al., PROC.SOC.EXP.BIOL.MED. 51, 82 
(1944), introduced a two step technique in which cer 
tain phenolic products, liberated by hydrolytic en 
zymes, are subsequently coupled to a diazonium salt. 
The technique yields chromophoric, but non?uores 
cent, diazo dye products. Burstone, ENZYME CHEM 
ISTRY AND ITS APPLICATIONS IN THE 
STUDY OF NEOPLASM, pg. 160 (Academic Press 
1962) introduced simpli?ed simultaneous and post-cou 
pling azo dye techniques using naphthol-AS-phosphates 
and sulfates, as the enzyme substrates. 
A modi?cation of the two step technique Ziomek, et 

al., HISTOCHEM. CYTOCHEM. 38 (3), 437 (1990), 
reportedly yields a red ?uorescent azo dye precipitate 
that is useful for histochemical demonstration of phos 
phatase activity. The coupling reaction of the diazo 
color-forming reagent must be accomplished at an alka 
line pH. While this pH may be adequate for histochemi 
cal detection of alkaline phosphatase activity, it does 
not permit continuous detection of the activity of acid 
phosphatase and aryl sulfatase enzymes and is subopti 
mal for detection of B-galactosidase (pH optimum 7.2), 
since these enzymes all have extremely low activity in 
alkaline medium. Furthermore, the diazo coupling reac 
tion is not speci?c for the phenols formed by the enzy 
matic reaction. Therefore the presence of intrinsic phe 
nolic contaminants in the test solution or the biological 
?uid can yield false positive signals. All of the above 
methods suffer from weak and somewhat nonspeci?c 
?uorescent staining of enzyme activity. 

Enzyme-ampli?cation techniques are used in histo 
chemistry and cytochemistry to localize speci?c anti 
gens by microscopy. Success of this technique depends 
on an efficient site-speci?c deposit of enzymatic prod 
ucts that contrast well with the underlying cellular 
structures. Colored precipitate formed by hydrolysis of 
known chromophoric precipitating substrates such as 
X-gal can be well visualized at discrete loci in cells or 
tissues using light microscopy, if the sample has appre 
ciable quantities of the target molecules. It has been 
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4 
reported that the chromophoric precipitating substrate 
for alkaline phosphatase, when coupled with a digox 
igenin-labeled probe and anti-digoxigenin conjugated 
with alkaline phosphatase, can stain nerve growth fac 
tor MRNA at a higher sensitivity and resolution than a 
standard isotope label method [Springer et al., HISTO— 
CHEM. AND CYTOCHEM. 39, 231 (1991)]. How 
ever, the enzymatic products from the chromophoric 
substrates are not suf?cient to form a visible precipitate 
that contrasts well with cellular structures when a sin 
gle molecule of the analyte must be detected, because 
the chromophoric signal is insufficient for detection. 
The ?uorescent precipitate of this invention, in con 
trast, provides a more easily detectable signal in smaller 
amounts. 

In recent years, numerous nonradioactive approaches 
have been developed and re?ned for in situ hybridiza 
tion [Jiopman et al., MOLECULAR NEUROANA 
TOMY, pp 43, Elsevier Science Publishers (1988)]. All 
of these nonradioactive techniques are generally able to 
detect speci?c MRNA in situ without difficulty. In 
contrast, the nonradioactive methods for detecting a 
speci?c gene which exists in few or even single copies in 
a cell’s genome using biotinylated probes, require oligo 
nucleotides that contain several thousand bases in order 
to allow for suf?cient incorporation of the biotin (or 
other) label. In practical terms, any probe shorter than 
about 2,000 bases will not result in visible signals suf? 
cient to detect few or single copies in the cell genome 
utilizing either the colored precipitates or ?uorescence 
microscopy. The need for a probe of such long length 
severely limits the ease and ?exibility of the probe de 
sign because preparation involves such time-consuming ' 
techniques. Because of their stronger accumulated sig 
nal, the substrates of this invention can be used with 
shorter oligonucleotide probes. 
The substrates of this invention also differ signi? 

cantly from substrates previously described in that most 
known ?uorogenic substrates yield products that are 
appreciably ?uorescent only in the solution phase, 
whereas the preferred substrates from this invention are 
virtually non?uorescent except in the solid phase. In 
addition they yield insoluble, highly ?uorescent prod 
ucts without requiring addition of a color-developing 
and precipitating reagent. Furthermore, the subject 
substrates are speci?c for a particular enzymatic activ 
ity, and are optimally reactive at or below physiological 
pH. As a result of these characteristics, the substrates of 
this invention can detect the activity of a wide variety 
of enzymes and enzyme-related analytes, in living cells, 
in extracts of living cells, in biological ?uids, in biopsy 
samples, in vivo and in vitro, without requiring any 
preprocessin g of the samples by concentration, centrifu 
gation, or ?ltration and without addition of secondary 
reagents. 
Some of the ?uorescent dyes used to prepare the 

subject substrates are already known, e.g. US. Pat. No. 
3,169,129 2-Ortho-hydroxy-phenyl-4-(3H)-quina.zoli 
nones to Rodgers, et al. (1965) (quinazolinones); Hein, 
et al., The Use of Polyphosphoric Acid in the Synthesis 
of 2-Aryl- and 2-Alkyl-substituted Benzimidazoles, 
Benzoxazoles and Benzothiazoles, J. AM. CHEM. 
SOC. 79, 427 (1957) (benzimidazoles, benzoxazoles and 
benzothiazoles); and Neumann & Langhals, A Simple 
Synthesis of Dihydroxybipyridyls, SYNTHESIS 279 
(Apr. 1990) (dihydroxybipyridyls). It has been recog 
nized that several of the dyes have very low solubility, 
particularly‘ in water, and that the compounds are ?uo 
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rescent in the solid state. The large Stokes shift charac 
teristic of some compounds in this class of dyes has also 
been described. There have been several studies of the 
?uorescence mechanism of this class of compounds 
which has been related to a high degree of photostabil 
ity. Catalan, et al., Photoinduced Intramolecular Pro 
ton Transfer as the Mechanism of Ultraviolet Stabiliz 
ers: A Reappraisal, J. AM. CHEM. SOC. 112, 747 
(1990); Sinha & Dogra, Ground State and Excited State 
Photographic Reactions in 2-(o-I-Iydroxyphenyl)ben 
zimidazole, CHEM. PHYSICS 102, 337 (1986); Or 
lando, et al., Red- and Near-infrared-luminescent Ben 
zazole Derivatives, CHEM- COMM. 23, 1551 (1971); 
and Williams & Heller, Intramolecular Proton Transfer 
Reactions in Excited Fluorescent Compounds, J. 
PHYS. CHEM. 74, 4473 (1970). None of the references, 
however, indicate the use of these dyes as ?uorogenic 
substrates. 

Orlando, et a1., supra at 1552, citing Williams & Hel 
ler supra noted that replacement of an o-hydroxyphenyl 
group by an o-methoxyphenyl group results in non?uo 
rescent benzazoles. An alkoxy group was the only 
blocking group described in the reference, however, 
and there was no indication that blocking groups could 
be selected to monitor the presence or activity of en 
zymes. 

DESCRIPTION OF THE DRAWINGS 

FIG. 1: Synthesis of Substrate. FIG. 1 is a diagram of 
the formation pathway of some typical glycosidase 
substrates. In step 1, the ?uorophore is glycosylated 
using a modi?ed Koenigs-Knorr methodology in which 
a protected carbohydrate group is added to the hydrox 
yphenylquinazolinone. After isolation of the protected 
intermediate by column chromatography or by precipi 
tation of the remaining starting material combined with 
recrystalization or trituration, the protective groups are 
removed (step 2) to yield a non?uorescent 2' 
glycosidyfoxyphenylquinazolinone. 
FIGS. 2A-2E: Characterization of the ?uorogenic 

precipitating substrates. 
2A) Fluorescence characterization of a ?uorogenic 

precipitating substrate: a. emission of 2 mM 2-(4' 
methoxy-2'-phosphoryloxyphenyl)quinazolinone (3e); 
b. emission of the precipitate resulting from incubation 
of the substrate (2 mill) in the presence of excess alkaline 
phosphatase; c. emission following dissolution of the 
precipitate. The emission measurements were made in 
0.1 M TRIS pH 10.3 containing 50 mM NaCl, 10 mM 
MgCl; and 0.1 mM ZnClz using a Perkin-Elmer LS-50 
?uorometer with excitation at 400 nm, excitation slit 3.0 
nm and emission slit 2.5 nm. 

2B) Coexistence of ?uorescence and precipitation: 5 
mM 2-(4’-methoxy-2'-phosphoryloxyphenyl)quinazoli 
none (Be), in 0.1 M TRIS pH 10.3 containing 50 mM 
NaCl, 10 mM MgCl2 and 0. 1 mM ZnClg, yields 210 
units of ?uorescence by action of 10 ug/ml alkaline 
phosphatase in 20 seconds. The ?uorescence can be 
eliminated by addition of 0.6% Triton X-lOO as a result 
of precipitate dissolution. 
2C) Light-scattering increase as a result of precipita 

tion: 2 mM 2-(4’-methoxy-2 40 -phosphoryloxyphenyl)— 
quinazolinone (3e) scattering increases from 450 units to 
beyond the detection limit of 1000 units in 20 seconds by 
action of 10 ug/ml alkaline phosphatase, showing rapid 
formation of a precipitate. The enzymatic reaction was 
in 0.1 M TRIS pH 10.3 containing 50 mM NaCl, 10 MM 
MgClg and 0.1 mM ZnClg. The scattering measurement 

20 

25 

35 

40 

45 

5,316,906 6 
was made in a Perkin-Elmer LS-50 ?uorometer with 5 
nm slits and a coincident excitation and emission wave 
length of 420 nm. 
2D) Critical concentration: Various concentrations of 

2-(4'-methoxy-2'-phosphoryloxyphenyl)quinazolin0ne 
(3e) were reacted with 50 pL of excess alkaline phos 
phatase in 200 uL solution of 0.1 M TRIS 2: pH 10.3 
containing 50 mM NaCl, 10 MM MgClg and 0.1 mM 
ZnClg. The resulting precipitate and ?uorescence were 
measured in a CytoFluor ?uorescence plate reader 
(Millipore) with excitation at 360 nm, emission at 460 
nm using sensitivity setting 3. The figure shows a criti 
cal concentration of 2.5 mM. 
2E) pH dependence of precipitation: 2-(4’-Methoxy 

2’-phosphoryloxyphenyl)quinazolinone (3e) was re 
acted with 50 ].LL of excess alkaline phosphatase in 150 
lit solution of 0.1 M TRIS pH 10.3 containing 50 mM 
NaCl, 10 mM MgCl; and 0.1 mM ZnClg, 0.6 mM. The 
mixture was titrated using 50 FL of various concentra 
tions of HCl to obtain the desired pH, then measured in 
a CytoFluor ?uorescence plate reader with excitation at 
360 nm and emission at 460 nm using sensitivity setting 
3. The ?gure shows a pKa of about 8.8. 
FIGS. 3A-3B: Detection of Con A receptors using a 

?uorogenic precipitating substrate. 
3A) Phase contrast image of NIH 3T3 cells; 
3B) Image of NIH 3T3 cells stained with a ?uoro 

genic precipitating substrate, 2-(5‘-chloro-2'-phos 
phoryloxyphenyl)-6-chloroquinazolinone (8e); expo 
sure time 8 seconds using ?lters optimized for Hoechst 
33258. The photos were taken in a Zeiss ?uorescent 
microscope with Fujichrome 1600 slide ?lm. 
FIGS. 4A-4B: Detection of EGF Receptors using a 

?uorogenic precipitating substrate. 
4A) Phase contrast image of A431 cells; 
4B) Image of A431 cells stained with a ?uorogenic 

precipitating substrate, 2-(5'-chloro-2'phosphoryloxy 
phenyl)-6-chloroquinazolinone (8e); exposure time 15 
seconds using ?lters optimized for Hoechst 33258. The 
photos were taken in a Zeiss ?uorescence microscope 
with a Kodak Ektachrome 400 slide ?lm. 
FIGS. 5A-5C: Western Blot. FIG. 5 is a photograph 

showing detection of subunit 11 of the multisubunit 
protein, cytochrome c oxidase, using standard Western 
blotting techniques. 

5(A) Coomassie Blue staining of whole protein. 
5(B) Color developed with BCIP/NBT. 
5(C) Stained with precipitable substrate le. 

SUMMARY OF THE INVENTION AND 
DESCRIPTION OF PREFERRED 

EMBODIMENTS 

This invention describes novel substrates used to 
measure enzyme activity. The substrates are non?uores 
cent but react with enzymes to yield ?uorescent pheno 
lic products that are speci?cally formed, nontoxic to the 
cells, and precipitate without inactivating the enzyme. 
The phenolic product may result from hydrolysis of a 
phenolic ester or a phenolic glycoside, eg by phospha 
tase, sulfatase, glycosidase and esterase enzymes. Alter 
natively, the phenolic product may be formed by oxida 
tion of aryl alkyl ethers, e.g. by cytochrome enzymes. 
The preferred substrates of this invention are blocked 

?uorophores represented by the formula: 
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where the ?uorophore X? contains a minimum of 2 
aromatic rings, two of which are typically linked rather 
than fused together. The aromatic rings include unsatu 
rated heterocyclic ring structures. Each of the two 
linked aromatic rings may be fused to additional aro 
matic rings. Typically, at least one of the aromatic rings 
is fused to at least one additional aromatic ring. In gen 
eral, fusion of one of the linked aromatic rings to at least 
one additional aromatic ring increases the wavelength 
at which the solid product can be excited and at which 
the ?uorescence can be detected, which is bene?cial for 
some applications. Fusion to an additional ring also 
typically results in the product becoming less soluble in _ 
water which is favorable to precipitation. 
BLOCK is a group that changes the excitation or 

emission properties (i.e. absorbance or ?uorescence) of 
the ?uorophore and is capable of being cleaved from 
the remainder of the substrate molecule by action of an 
enzyme. Preferably BLOCK blocks the long wave 
length (greater than about 450 nm) ?uorescence of the 
?uorophore. BLOCK is selected to be speci?c for the 
enzyme of interest. Typically, BLOCK is a monovalent 
moiety derived by removal of a hydroxy group from 
phosphate, from sulfate or a biologically compatible salt 
thereof; or a monovalent moiety derived by removal of 
a hydroxy group from an alcohol or from a carboxy 
group of an aliphatic, aromatic or amino acid or of a 
peptide; or a monovalent moiety derived by removal of 
the anomeric hydroxy group from a mono- or polysac 
charide. Preferred monovalent blocking groups include 
the target groups listed in Table l, which includes some 
of the enzymes that will cleave such groups from the 
substrate. 
When BLOCK is separated from the remainder of the 

substrate molecule by action of an enzyme, the result is 
a visible precipitate. A visible precipitate means it is 
detectable by a light sensitive mechanism, e.g. a change 
in spectral (excitation/emission) properties, a change in 
light scattering, or visible crystal formation. Preferably 
the precipitate is ?uorescent. The favorable pH range 
for precipitation and detection of the ?uorescent prod 
ucts is from below about pH 2 to above about pH ll, 
most favorably in the range of pH 5-8, which emcorn 
passes the physiological pH for in vivo applications. 
The visible precipitate generally has the formula H 

O-X?, where X? is a ?uorophore of the formula: 

that is covalently linked through C1 to the oxygen 
—O—. 
The carbon atoms of —Cl=C2— are joined so as to 

complete a ?rst 5- or 6-membered aromatic ring that 
may contain at least one of the hetero atoms N, O or S. 
Commonly the --C2=C1—- 0-H portion of the ?uo 
rescent precipitate de?nes a phenol or a naphthol. Less 
commonly this portion of the ?uorescent precipitate 
contains a hetero atom. 
The carbon atoms of —C4—N’C3—— are likewise 

joined so as to complete a second 5- or 6-membered 
aromatic ring that contains at least the one nitrogen 
heteroatom that is between C3 and C4. This second ring 
may also contain at least one additional hetero atom N, 
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O or S, as well as oxo, thiooxo, sulfone, or amino func 
tionalities. 
The ?rst and second 5- or 6-membered aromatic rings 

may be joined by a bridging ring between said first and 
second rings. The bridging ring includes at least C2 and 
C3 and can contain a heteroatom N, O or S. The bridg 
ing ring may be a 5- or 6-membered ring and may be 
saturated or unsaturated. 
Each of the ?rst and second 5- or 6-membered aro— 

matic rings may be fused to at least one additional aro 
matic ring that may contain at least one of the hetero 
atoms N, O or S. Preferably, the ?uorophore contains at 
least three aromatic rings, two of which are fused. Typi 
cally the second aromatic ring which contains at least 
one nitrogen heteroatom is fused to a third aromatic 
ring. 
Each of the aromatic rings may be further modi?ed 

by substitution of any hydrogen(s) on an aromatic car 
bon with a halogen atom, lower alkyl (about 1-4 car 
bons), per?uoroalkyl (about l-4 carbons), alkoxy 
(about l-4 carbons), nitro, cyano or aryl, or any combi 
nation thereof. The preferred halogen substituents are 
F, Cl or Br. Halogen and alkoxy substituents on the 
aromatic rings appear to have a bene?cial effect both on 
reducing the solubility and improving the ?uorescence 
properties of the ?uorescent solid. 

In one embodiment of the invention, H-O-X? has the 
structure: 

2 
“\w 

CED N 

HO 

where W is (CH3)2C (isopropylidene), —CH2—, 
—CH: (methine), S, O, or —(N—R)-— wherein R is H 
or lower alkyl (l-4 carbons); and Z is —(C=O)— or 
—CH:; and n is l or 0. When W is —(N—R)— and Z 
is —(C:O)——, the products are quinazolinones (also 
referred to as quinazolones). When W is —(N—R)— 
and Z is absent (n=0), the product are benzimidazoles. 
When W is S and Z is absent (n=0), the products are 
benzothiazoles. When W is O and Z is absent (n =0), the 
products are benzoxazoles. When W and Z are each 
methine, the products are quinolines. When W is isopro 
pylidene and Z is absent (n=0), the products are indo 
lines. 
When the ?rst aromatic ring and the second aromatic 

ring are both 6-membered rings that together form a 5 
or 6- membered bridging ring between them, the prod 
ucts are phenanthridines. The bridging ring may be 
saturated or unsaturated. When X? is a phenanthridine, 
the precipitate H O-X? has the structure: 

In another embodiment of the invention, the ?uoro 
phore X?iS a quinazolinone, benzimidazole, benzothiaz 
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ole, benzoxazole, quinoline, an indoline, or a phenan 
thridine; and at least one of the aromatic rings is further 
modi?ed by substitution of one or more hydrogen 
atoms on an aromatic carbon. One or more sub 
stituent(s), which may be the same or different, are F, 
Cl, Br, lower alkyl, per?uoroalkyl, alkoxy, nitro, cyano 
or aryl, or any combinations thereof. 

In yet another embodiment of the invention, the 
?uorophore X? is similar to a quinazolinone, benzimid 
azole, benzothiazole, benzoxazole, quinoline or an indo 
line but is further modi?ed in that at least one of the 
aromatic rings is fused to at least one additional aro 
matic ring that may contain at least one of the hetero 
atoms N, O or S. 
The preferred ?uorogenic substrates for this inven 

tion have one or more of the following properties: 
1) generally soluble but non?uorescent in water but 

releasing a highly ?uorescent solid product in an 
aqueous solution containing the substrate and the 
speci?c enzyme; 

2) a low residual solubility and rapid precipitation 
rate for the solid product released by action of the 
enzyme; 

3) reactive over a wide range of pH, generally below 
a pH of about ll; 

4) can be prepared with a variety of blocking groups 
for the detection of the corresponding enzymes; 

5) a pKa for the phenolic moiety of greater than about 
8.0; 

6) an excitation maximum of the solid product of 
greater than about 340 nm; 

7) Stokes shift of the emission from the solid product 
of greater than about 100 nm; 

8) high resistance of the ?uorescent solid product to 
bleaching by incident light. 

Preparation of Fluorophores (X17) 
The preferred ?uorescent dyes used in preparation of 

the ?uorogenic substrates generally fall into the sub 
classes quinazolinones (Tables 2 and 3), quinolines, ben 
zoxazoles, benzimidazoles, benzothiazoles (Table 4), 
indolines and phenanthridines. Schiffs bases (Table 5), 
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10 
which are similar in structure and also form ?uorescent 
precipitates, are less preferred because they are rela 
tively unstable in vivo. 

Preparation of a number of the preferred ?uoro 
phores is described herein as a means of illustrating the 
breadth of the reaction. The descriptions are meant to 
illustrate, and not to limit the choice of reactants and 
reaction conditions that can be used to prepare the 
requisite ?uorogenic substrates. By appropriate choice 

10 of substituents, in particular, the properties of solubility, 
?uorescence intensity and wavelengths and product 
photostability can be modified. 
Table 2 lists representative 4(3H)-quinazolinones, 

their spectra and the visible color of the ?uorescent 
l5 crystals according to the formula: 

Rt 

20 

HO 
R3 

25 R2 

Among the methods that have been successfully utilized 
to prepare the subject quinazolinones dyes are the fol~ 
lowing: 

1) By heating of equimolar amounts of an anthranila 
mide with an aromatic aldehyde in the presence of 
catalytic amounts of p-toluenesulfonic acid 
(T sOH), a dihydroquinazolinone is formed, which 
is oxidized by a suitable oxidizing agent such as 
dichlorodicyanoquinone (DDQ) to the corre 
sponding quinazolinone (Example 1). 

2) By reaction of isatoic anhydrides, with salicylarn 
ides in the presence of catalytic amounts of base in 
an inert solvent (U.S. Pat. No. 3,655,664 to Pater 

‘*0 (1972) and Example 2). 
3) U.S. Pat. No. 3,526,627 to Brooks (1970). 

TABLE 2 

?3Hljuinazolinones (a) 
# 4-(3H)~quinazolinones R1 R1 R3 R4 mp[°C.] Yield[%] EMmaxz Colorl 
la 2-(2'-hydroxyphenyl) H H H H 297-298 64 490 b-g 
2a 2-(2'-hydroxy>5'- H H H OCH3 290492 39 550 y 

methoxyphenyl) 
3a 2-(2'-hydroxy-5'- H H NO; > 350 74 470 b 

nitrophenyl) 
4a 2~(2'.hydroxy-4’- H OCH3 H 284-286 35 450 b 

methoxyphenyl) 
5a 2-(2’-hydroxy-4'- N01 H OCH 3 H > 350 42 b 

methoxyphenyD-é-nitro 
6a 2-(2‘-hydroxy-5’- Cl H H OCH 3 342-344 70 550 y 

methoxyphenylyé-chloro 
7a 2-(5'-chloro-2’- Cl H H C] > 350 70 510 y-g 

hydroxyphenylyé-chloro 
8a 2-(2'-hydroxyphenyl)-6~ Cl H H H 336-338 30 500 y-g 

chloro 
9a 2-(5’-chloro-2’- H H H C] > 350 60 510 y-g 

hydroxyphenyl) 

methoxyphenylyév-chloro 
1 la Z-(3',5'-dichlor0-2'- Cl Cl H C1 > 350 45 550 y 

hydroxyphenyl)-6-chloro 

Z'hydroxyphenyD 
13a 2-(2'-hydroxy-5‘-nitro- N02 H No; > 350 96 525 y-g 

phenyl)-6-nitro 
14a 2-(2'-hydror.y-5'- Cl H H NO; > 350 86 480 g 

nitrophenyl)-6-chloro 
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TABLE 2-continued 

4_-(3H muinazolinones ta) 
# 4-(3H)-quinazolinones R1 R1 R3 R4 mp['C.] Yield[%] EMmm‘2 Color1 
15a 2-(2'-hydroxyphenyl)-6- NO; H H H >350 63 560 y 

nitro- ' 

16a 2-(5'-chloro-2'- N02 H H C] >350 69 y 
hydroxyphenyl)-6-nitro 

17a Z-(Z-hydroxynaphthyD- 352-354 94 iii‘ 
18a bis-2,5-[4-(3H)- >350 8 r 

quinazolinoyl} 
hydroquinone 

IColor of ?uorescence: b-g = blue-green, y = yellow, b = blue, y-g = yellow-green, g = green, nl' = non-?uorescent, r = red. 
ZEmission max. of solid [nm]. 

Table 3 list representative benzo-4(3H)-quinazoli 
nones their spectra and the visible color of the ?uores- 15 
cent crystals. The compounds in Table 3 are prepared 
by similar procedures as used for the compounds in 
Table 2 but starting with appropriately substituted 
aminonaphthalenecarboxylic acid derivatives. 

TABLE 3 

Fluorophores of this type are conveniently prepared 
from appropriately substituted derivatives of o-amino 
phenol, o-aminothiophenol and o-phenylenediarnine 
and the corresponding substituted derivatives of a ben 
zoic, naphthoic or polycyclic aromatic or heterocyclic 
acids or aldehydes according to procedures known in 

benzo-4-(3H)~quinazolinones accordigg to the formula: 

0 
ll 

@ NH I R2 
N 

HO 

R1 

EMmax of 
# benzo-4-(3H)-quinazolinones R1 R2 mp [°C.] Yield [%] solid [nm] Colorl 

1b 2-(2’-hydroxyphenyl) H H >350 49 ~51O y-g 
2b 2-(2‘-hydroxy-5'- H OCH 356-58 28 ~ 570 

methoxyphenyD- 3 
3b 2-(5'-ch1oro-2’-hydroxyphenyl)- H Cl > 350 57 ~ 510 y-g 
4b 2-(3',5'»dichloro-2‘- Cl C] > 350 75 ~ 550 y 

hydroxyphenyl) 
1Color of ?uorescence: y_g = yellow-green, y = yellow. 

Table 4 lists representative benzoxazoles, benzimida 
zoles and benzothiazoles, their spectra and the visible 
color of the ?uorescent crystals according to the for 
mula. 

HO R; 

45 

the art, including 
1) By condensation of a) o-phenylenediarnine, b) ami 
nophenols, c) thiophenols with salicylaidehydes 
followed by oxidation with Pb(OAc)4 (Stephens et 
al., J. CHEM. SOC. 2971 (1949)]. 

2) By heating of o-aminothiophenois with salicylam 
ides in DMSO (Delegiorgiev, DYES AND PIG 
MENTS 12, 243 (1990)) 

3) By polyphosphoric acid catalyzed condensation of 
carboxylic acid derivatives with o-amino, 0 
hydroxy or o-mercaptoaroyl amines (Hein et a1., 
JACS 79, 427 (1957)) 

TABLE 4 

benzoxazoles, benzimidazoles and benzothiazoles 
Emission wavelength 

# Compound R1 R; X mp['C.] kw [nm], Colorl 
1c 2-(2'-hydroxyphenyl) H H O 126 b 

benzoxazole ' 

2c 2-(2'-hydroxyphenyl) H H NH 242 b 
benzimidazole 

3c 2~(2'-hydroxyphenyl) H H S 127-28 520 y-g 
benzothiazole 

4c 2-(2'-hydroxynaphthyl) H H S 1 10-12 520 y-g 
benzothiazole 

5c 2-(5’-amino-2'- NH; H S — 660 r 
hydroxyphenyl) 
benzothiazole 
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TABLE 4-continued 

benzoxazoles, benzimidazoles and benzothiazoles _ 

Emission wavelength 
Compound 
2-(2'-hydroxy-5' 
uitrophenyl) 
benzothiazole 
2-(3',5’-dichloro-2' 
hydroxyphenyl) 
benzothiazole 
2-(2'-hydroxy-5' 
methoxy) 
benzothiazole 
2-(2',5'-dihydroxypheuyl) 
benzothiazole 

R1 

N02 
Rzx 
H S 

mPI'C-l 
21042 

7c Cl Cl S 186-88 

8c OCH3 H S 74-76 

9c OH H S 192-94 

)tmax [11m], 
520 

14 

Color1 

y'g 

550 y 

600 o 

550 y 

1Color of fluorescence: b = blue, y-g = yellow-green, r = rod, y = yellow, 0 = orange. 

Table 5 lists some Schiffs bases and the color of their 
?uorescent precipitates. Schiffs bases are prepared by 
heating of an aromatic aldehyde with a substituted ani 
line in a suitable solvent such as ETOH or toluene 
(Kresze et al., Z. NATURFORSCHUNG 10B, 370 
(1955) and Example 3). 

ate esters are typically incorporated by reaction with an 
activated form of the acid (for instance anhydride, 
mixed anhydride, acid halide) as shown in Examples 8 
and 9. 

Glycosides are typically prepared by a modi?ed Ko 
enigs-Knorr methodology involving treatment of the 

TABLE 5 
Schiffs Bases according to the formula: 

. R2 

\ 

N R1 

R3 OH 

Schiifs base R1 R2 R3 mp ["C] Yield [%] Color1 

ld Z-hydroxybenzylidene-p- NMez H H 136-38 89 o 
dimethylaminophenyl imine 

2d 3,5-dichloro-2-hydroxy- NMe; C1 C1 — 72 r 
benzylidene-4'-p 
dimethylaminophenyl irnine 

3d Z-hydroxy-S-nitrobenzylidene- NMeg N01 H 212-14 99 r 
p‘-dimethylarninophenyl imine 

4d S-chloro-Z-hydroxy- NMeg Cl H l88—90 84 o 
benzylidene-4' 
dimethylaminophenyl imine 

5d 3,5-dichloro~2-hydroxy- OMe Cl Cl ll4~l6 96 o 
benzylidene-p 
dimethylaminophenyl imine 

1Color of ?uorescence: o = orange. r = red 

Preparation of Fluorogenic Substrates 

In certain instances, .especially where BLOCK is 
incorporated to yield a simple aliphatic ether substrate 
for a cytochrome enzyme, it is preferable to incorporate 
BLOCK before formation of X? (for instance see Exam 
ple l0). Generally, however, the substrates of this in 
vention are prepared by the following steps: 

1) preparation of a suitable fluorophore such as those 
already mentioned above; and 

2) reaction of the ?uorophore with an appropriate 
form of a blocking reagent to form the substrate. 

BLOCK is typically bonded to X? y reaction of a 
reactive form of BLOCK with the hydroxyl group 
present in the unbound form of X? through the interme 
diacy of a reactive derivative of BLOCK that can sub 
sequently be converted to BLOCK. For instance, phos 
phate is incorporated using a reactive form of phos 
phate such as phosphorous oxychloride in Example 7 or 
such as via phosphoramidite chemistry in Example 7. 
Sulfate is typically incorporated by reaction with chlor 
osulfonic acid as demonstrated in Example 6. Carboxyl 
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unbound form of X? with a soft acid catalyst (for in 
stance silver carbonate), an activated protected carbo 
hydrate (APC) derivative, and a nonnucleophilic base 
(for instance symcollidine), under anhydrous conditions 
(FIG. 1). The APC will contain one or more sugars 
with an activating group at the anomeric position of the 
sugar to be attached to X?. Typically the APC is a 
halogenated sugar, where a halogen is the activating 
group at the anomeric position. Depending on the reac 
tion conditions, the sugar(s) involved, or the anomeric 
isomer required, other activation groups at the anom 
eric position of the APC can be used, most commonly 
trichloroacetimidate, thiophenyl or acetate. This will 
result in the production of a nontluorescent glycoside 
intermediate. After isolation of the protected glycoside 
intermediate, the protecting groups are removed from 
the protected glycoside, using processes appropriate to 
the protecting group(s) present. Synthesis of representa' 
tive examples of the subject substrates .that contain 
glycosides are given in Examples 4 and 5. 
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The following Tables 6-8 contain representative 
phosphate substrates. Although all of the substrates in 
Tables 6-8 are phosphates, any suitable blocking group 
previously described could be substituted to prepare the 
same range of substrates for detecting or analyzing a 
particular enzyme. For example, Table 9 illustrates 
some of the same substrates that can be made as glyco~ 
sides. The number of phosphate substrates described 
herein are merely representative of some of the choices 
available for detection of phophatase enzymes. The 
range of choices are meant to illustrate, and not to limit 
the range possible ?uorogenic substrates with a variety 

- 16 

of properties. Any of the described ?uorophores can be 
used to prepare a substrate for a wide range of enzymes. 
By appropriate choice of ?uorophores, blocking 
groups, and substituents, in particular, the substrate can 
be tailored 'to give desired properties of reactivity, solu 
bility, ?uorescence intensity and wavelengths, and 
product photostability. Table 6 gives a summary of the 
synthesis of some quinazolinone phosphates prepared as 
in Example 7. Table 7 gives a summary of the synthesis 
of some benzoquinazolinone phosphates prepared as in 
Example 7. Table 8 gives a summary of the synthesis of 
some benzothiazole phosphates. 

TABLE 6 

2-phosphoryloxyphenyl-4-(3l-D-quinazolincnes (disodium salts) accord'mg to the formula: 

ll) 
Ra 

NH 

/ R1 
N 

‘l’ "2 
O=li“'--O_Na+ 

O_Na+ 

Yield of 

intermediate Rj-(phosphate) 
4-(3H)-quinazolinone-2'- Yield di-t-butyl i-PrOH/NH3/H2O 

# phosphates (disodium salts) R1 R2 R3 [%] ester [%] 70/10/20 

le 2-phenyl H H H 76 99 0.38 

2e 2-(5’-methoxyphenyl) H H OCH; 86 90 0.36 
3e 2~(4'-methoxyphenyl) H OCH H 89 99 0.36 

3 

4e 2-(5’-nitrophenyl)-6-nitro NO; H No; 84 95 0.52 
5e 2-(5'-methoxyphenyl)-6- Cl H OCH; 90 92 0.37 

chloro 

6e 2-phenyl-6-nitro N02 H H 92 96 — 

7e 2-(5'-chlorophenyl)-6-nitro N02 H Cl 83 89 —— 

8e 2-(5’-chlorophenyl)-6- Cl H Cl 82 86 0.39 
chloro 

9e 2-(5'-chlorophenyl) H H Cl 95 96 0.38 

TABLE 7 

Benzo 4—(3H)-quinazolinone-2'-phosnhates (disodium salt) according to the formula: 

(ll-Na+ 

Rf(phosphate) 
Benzo-4-(3H)-qui.nazolinone-2’~ Yield Yield of intermediate i-PIOH/NH3/H2O 

# phosphate (disodium salt) R [%] di-t-butyl ester [%] 70/10/20 

If Z-phenyl H 87 91 0.36 
2f 2»(5'-chlorophenyl) Cl 90 92 0.37 



5,316,906‘ 17 18 
TABLE 8 

Benzothiazole phosphates (disodium salts) according to the formula: 

HO R1 

N 

\ 

S 

R2 

Yield of 
Bcnzothiazole-T- intermediate Rf(phosphate) 
phosphate (disodium Yield di-t-buty1 i-PrOH/NH3/H2O 

# salt) 11] R1 [%1 ester[%] 70/10/20 
lg 2-pheny1 H H 96 98 0.37 
2; 2-(5'-methoxyphenyl) H OCH3 79 — 0.39 
3g 2-(3',5’-dichloropheny1) C1 C1 71 — 0.38 

Table 9 gives a summary of the synthesis of some 
quinazolinone glycosides. ‘ 20 

TABLE 9 
4-(3H)-Quinazolinone-Glycosides according to the formula: 

E’ 
R1 

NH 

/ R4 
N 

Gly—0 R3 

R2 

4-(3H)-Quinazolinone~ 
# Glycosides ' R1 R2 R3 R4 

lh 2-(2'-galactopyranosyl- H H 
oxyphenyl) 

2h 2-(5'-chloro-2’- Cl H H C1 
galactopyranosyloxyphenyl) 
6-chloro 

3h 2-(2’-galactopyranosyloxy-5'- H H H OCH3 
methoxyphenyl} 

4h 2-(2'-glucopyranosidurano- H H H H 
syloxyphenyD 

5h 2~(2'-cel1obiosyloxyphenyl)- H H H H 
6h 2-(2'-glucopyranosyl- H H H H 

oxyphenyD 
7h 2~(2"mannopyranosyl> H H H H 

oxyphenyD 
8h 2-(2'-Fucopyranosyl- H H H H 

oxyphenyl) 

Properties of Preferred Substrates 

As compared with other synthetic substrates, the 
?uorogenic precipitating substrates described in this 
invention normally have high enzymatic turnover rates 
and moderate affinities for the enzymes. Turnover rates 
of the substrates can be determined as in Example 10 
and expressed as micromoles of product per minute per 
milligram protein (kg, in units of pm010min—1omg‘“1). 
The affinity of the substrate is determined by its dissoci 
ation constant, KM, in millimolar units. The enzymes 
can bind to and catalyze conversion of the soluble sub 
strates into detectable reaction products that are appar 
ently less soluble and will precipitate in aqueous solu 
tions. The preferred detectable reaction products are 
?uorescent precipitates. The precipitation, however, 
and thus ?uorescence, depends on the reaction product 
concentration or the initial substrate concentration 
used, as well as the ionization state of the product’s 

phenol group. There are two parameters determining 
the precipitation, i.e. critical concentration (MC) and pH 
dependence (pKa). A method for determination of these 
parameters is given in Example 11. Table 10 gives the 
relevant parameters for the enzymatic reaction and 
precipitation of quinazolinone-based alkaline phospha 
tase substrates. 

25 

TABLE 10 
Characterization of quinazolinone-based substrates 

for phosphatase enzymes 

Quinazolinone k; KM 
Phosphates (pmol/minrng) (rnM) 

188.81 5.00 
N/D N/D 
N/D N/D 
N/D N/D 

3o Mam 
(mM) 
1.5 
0.8 
2.5 
1.2 

PM” 
13.5 
8.8 
8.8 

10.5 

Z-phenyl 
2-(5'-methoxyphenyl) 
2-(4’-methoxypheny1) 
2-(5'-methoxyphenyl) 
6-chloro 
2-pheny1-6-nitro 
2-(5'-chloropheny1) 
2-(5'-chlorophenyl) 
6-chloro 
2-(3',5'-dimethoxy 
phenyl) 

35 

150.66 
N/D 

' 618.60 

1.2 
0.4 
0.1 

9.1 
N/D 
75.0 

8.8 
8.5 

10.5 

215.60 10.8 0.3 11.0 

The assays which use the substrates of this invention 
are rapid and highly sensitive. Due to the high pkg-val 
ues of the ?uorophores (pKa> 8.5) and the fact that the 
protonated neutral form of the dye is the ?uorescent 
species, these assays can be carried out within a rela 
tively wide pH-range that is near or below the pK,, of 
the phenolic group. Formation of the ?uorescent pre 
cipitate does not require addition of any particular addi 
tives beyond the enzyme, substrate and appropriate 
buffered medium to facilitate the enzymatic reaction. 
Absorbance and ?uorescence of the precipitate is pH 
insensitive and exhibits a maximal intensity that can be 
detected at a wavelength that is greater than about 100 
nm longer than the longest wavelength for maximal 
excitation of the precipitate. This appreciable Stokes 
shift has the signi?cant advantage of reducing back 
ground fluorescence in the sample. 
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Detection of Enzymatic Activity Using the 
Precipitating Substrates 

The present invention can be used to qualitatively or 
quantitatively detect the activity of any enzyme that is 
capable of cleaving the blocking group from the re 
mainder of the molecule to yield a ?uorescent phenolic 
detection product. The enzyme may act by hydrolysis 
or by a nonhydrolytic mechanism, either mechanism 
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resulting in formation of the same phenolic detection 
product. The enzyme may be active in a living or non 
living system. 
The method for detecting the activity of an enzyme 

includes the following steps: 
a) combining a sample suspected of containing the 
enzyme with a substrate of the type described 
above, under conditions suitable for the formation 
of a visible precipitate; and 

b) qualitatively or quantitatively evaluating the pre 
cipitate. 

The substrate may be combined with the sample by 
any means that facilitates contact between the enzyme - 
and the substrate. The contact can occur through sim 
ple mixing, as in the case where the sample is a solution. 
The solution can vary from one of puri?ed enzymes to 
cell extracts to un?ltered biological ?uids such as urine, 
cerebral spinal ?uid, blood, lymph ?uids, tissue homog 
enate, mucous, saliva, stool, physiological secretions, 
etc. In some cases it is desirable to separate the enzyme 
from a mixture of biomolecules or ?uids in the solution 
prior to combination with the substrate. Numerous 
techniques exist for separation and puri?cation of prote 
ins, including enzymes, from generally crude mixtures 
with other proteins or other biological molecules. 
These include such means as electrophoretic techniques 
and liquid, size-exclusion, ion-exchange, af?nity and 
adsorption chromatography. These share the common 
feature that the products are collected in fractions that 
are characteristic of the given protein. 

Following the separation or puri?cation technique, 
the substrate may be added to the solution directly or 
may contact the solution on an inert matrix such as a 
blot or gel, a testing strip, or any other solid or semi 
solid surface, for example where only a simple and 
visible demonstration of the enzymatic activity is de 
sired. Example 12 provides a typical procedure for 
detecting and quantitating the enzymatic activity in 
solution and after adsorption onto a synthetic mem 
brane. Example 13 provides a means for detecting this 
enzyme activity following separation by a chromato 
graphic technique. Example 14 provides a means for 
detecting this enzymatic activity following separation 
of a mixture of proteins by an electrophoretic tech 
nique. Any inert matrix used to separate the sample can 
be used to detect enzyme activity by observing the 
?uorescent deposit on the inert matrix. The enzyme 
facilitates precipitation of high local concentrations of 
the enzymatic products where it is immobilized on the 
inert matrix. 
The immobilizing matrix on which substrate and 

sample come in contact may be a membrane. Enzymes 
from various biological sources can be immobilized on 
nylon, nitrocellulose or other membranes without ap 
preciable loss of enzymatic activity. A solution of a 
suitable ?uorogenic precipitating substrates is then 
added to the membrane supports. Using suitable illumi 
nation, such as provided by an ultraviolet lamp, the 
immobilized enzymes can be visualized in a “dot blot” 
as ?uorescent spots on the membrane (see Example 12). 
This detection methodology is convenient, inexpensive 
and very sensitive. A mass of 0.5 ng alkaline phospha 
tase can produce a dense and bright ?uorescent spot on 
the membranes that is clearly visible by eye when illu 
minated by a conventional UV lamp. Such detection 
techniques requiring little or no elaborate instrumenta 
tion are particularly desirable in clinical diagnosis. For 
example, determining the serum level of alkaline phos 
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20 
phatase activity on the membrane supports as described 
above could be of help in diagnosing Paget’s disease 
[Farley, et al. J. BIOL. CHEM. 225, 4680 (1980)]. 
Another use of the ?uorogenic precipitating sub 

strates with a solid matrix is in analyzing isoenzymes of 
a particular enzyme. This application may be particu 
larly useful in clinical diagnosis where it is known, for 
example, that the hepatic isoenzyme spectrum of alka 
line phosphatase changes in response to liver disease 
[Winkoelman, et a1., AM. J. CLIN. PATHOL. 57, 625, 
(1972)]. The isoenzyme spectrum can be routinely ob 
tained by incubating the electrophoretic gel of a human 
hepatic sample run under nondenaturing conditions (as 
in Example 14) with a ?uorogenic precipitating sub 
strate for phosphatase, since the small substrate mole 
cule can readily penetrate into the gel medium to react 
and form a highly ?uorescent precipitate. It is under 
stood that the subject phosphatase substrates will also 
be useful for analysis of acid phosphatase or total phos 
phatase isoenzymes, and are not limited to detecting 
alkaline phosphatase isoenzymes. Other isoenzyme 
spectra, e.g. for cytochrome enzymes, may be similarly 
evaluated using samples from different organisms or 
different tissues from the same organism. 
The subject substrates may also be combined with 

samples that are or contain whole cells. The ?uorogenic 
~precipitating substrates readily enter live cells and react 
with endogenous activities of particular enzymes such 
as B-galactosidase and alkaline phosphatase under nor 
mal physiological conditions. The substrates can also be 
used for staining the endogenous activities of alkaline 
phosphatase in a cell that is ?xed and treated with rou 
tine histochemical or cytochemical procedures. Al 
though most of the substrates have been found to enter 
the cells by passive diffusion, the substrates may enter 
the cells by any technique that is suitable for transport 
ing the substrate across cell membranes with minimal 
disruption of the viability of the cell and integrity of cell 
membranes. Examples of suitable processes include 
action of chemical agents such as‘detergents, enzymes 
or adenosine triphosphate; receptor- or transport pro 
tein-mediated uptake; pore-forming proteins; microin 
jection; electroporation; hypo-osmotic shock; or mini 
mal physical disruption such as scrape loading or bom 
bardment with solid particles coated with or in the 
presence of the substrate. 
The enzyme being evaluated may be present in the 

cell either as the result of expression of an endogenous ' 
gene or of a foreign gene introduced by means of viral 
transfection or genetic manipulation (see Example 15). 
For example, the gene that encodes B-galactosidase is 
often fused with other genes or with genomic regula 
tory elements. The resulting DNA constructs are then 
introduced into the cell of interest, and B-galactosidase 
expression is assayed to ensure proper gene expression. 
Using this technique, one can investigate expression 
efficiency of the encoding gene which may be affected 
by promoter and/or repressor manipulations. The non 
toxic and sensitive detection of the enzyme activities in 
live cells is very useful in testing the success of gene 
fusion, particularly when it is desirable to reuse the 
tested cells. For example, B-galactosidase activity re 
sulting from lacZ gene expression has been used to 
detect the incorporation of lacZ gene fusion constructs 
in cells that lack endogenous B-galactosidase activity. 
The ?uorogenic precipitating substrates for B-galactosi 
dase release a well-retained ?uorescent precipitate in 
lacZ positive cells and allow easy identi?cation and 
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further sorting of the positive cells. The substrates can 
also be used to probe cell populations or inert samples 
for cells expressing the enzyme, such as in the determi 
nation of bacterial contamination of biological samples. 
Also the examination of endogenous enzyme activity in 
tissue or cells by the corresponding ?uorescent sub 
strates is of signi?cance in gaining information about the 
histological distribution of the enzyme, developmental 
stage-speci?c expression of the enzyme, or cancer re 
lated expression of the enzyme. In either live cells or 
?xed cells, the enzyme activities are re?ected by the 
?uorescent precipitates at the activity sites. 
The substrate is combined with the sample under 

conditions suitable for the formation of the precipitate. 
Preferably the sample is in an aqueous buffer at a pH 
greater than about 2 and less than about 11, more prefer 
ably at a pH between about 5-8. The concentration of 
the substrate must be suf?cient to give a detectable 
reaction product. The concentration sufficient to give a 
detectable reaction is related to pH, with a lower con 
centration required at a lower pH. A concentration of 
substrate between about 0. 1 mM and 1 mM is suf?cient 
for formation of precipitate at a pH of about 8.5 or 
lower. A concentration of substrate greater than about 
5 mM is suf?cient for formation of a precipitate even 
above pH ll. At pH greater than about 8.5, a concentra 
tion of substrate greater than about 2.0 mM is necessary 
to form a precipitate in solution. Where the enzyme is at 
a ?xed location, a lower concentration of the substrate 
may result in formation of a visible precipitate. Typi 
cally, the precipitate forms within several minutes after 
interaction of the substrate with the enzyme. Usually, 
optimal precipitation is obtained within about 15 min 
utes to about one hour. 
To facilitate the detection of the visible precipitate, 

the excitation or emission properties of the precipitate 
are utilized. For example, the precipitate (H-O-X?) is 
excited by a light source capable of producing light at 
or near the wavelength of maximum absorption of the 
?uorescent product, such as an ultraviolet or visible 
lamp, an arc lamp, a laser, or even sunlight. Preferably 
the ?uorescent precipitate is excited at a wavelength 
equal to or greater than about 300 nm, more preferably 
equal to or greater than about 340 nm. The ?uorescence 
of the precipitate is detected qualitatively or quantita 
tively by detection of the resultant light emission at a 
wavelength of greater than about 400 nm, preferably 
greater than about 450 nm. The emission is detected by 
means that include visible inspection, photographic 
?lm, or use of instrumentation such as ?uorometers, 
quantum counters, plate readers, microscopes and ?ow 
cytometers, or by means for amplifying the signal such 
as a photomultiplier. 

Identi?cation and quantitation of the activity of en 
zymes from various sources and in various applications 
can be sensitively, speci?cally and yet versatilely per 
formed with the use of the ?uorogenic precipitating 
substrates (see for instance Examples 12, 13 and 14). 
This sensitivity and speci?city is based on the high 
turnover rate of the substrates, dense ?uorescence and 
high photostability of precipitated products and vast 
increase in the turbidity of the assay systems. For exam 
ple, in 10 minutes, an activity equivalent to 10 ng of 
puri?ed alkaline phosphatase can be easily detected by 
the ?uorescence resulting from the hydrolysis of a 
quinazolinone phosphate that is measured in a cuvette 
and a ?uorometer. The substrate hydrolysis also causes 
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a sharp increase of the sample’s turbidity (FIG. 2). Thus 
the scattering measurement in a ?uorometer or a spec 
trophotometer can give additional and affirmative in 
formation about the speci?c presence of the enzyme and 
yet provide an even more sensitive means for tracing 
alkaline phosphatase in quantities less than 1 ng. High 
enzymatic activities may be directly observed by eye as 
a turbid precipitate appearing in the enzymatic reaction. 
The co-measurement of ?uorescence and turbidity can 
help ensure a double identi?cation of the enzymes. A 
?uorescence plate reader utilizing a front-face measure‘ 
ment geometry is found to be very suitable for measur 
ing a sample of high turbidity that results from either 
the sample itself or from precipitation during the enzy~ 
matic reaction (Example 1 2). The ?uorogenic precipi 
tating substrates in this invention can therefore be used 
for fast and automatic detection or screening of target 
enzymes isolated from many sources. 

Detecting Activity of Enzymes as Conjugates 
The substrates may be used in conjunction with en 

zyme conjugates to localize cellular receptors; to probe 
gels and blots; to localize hybridization probes; or to 
probe cells and tissues that do not express the enzyme, 
for example, by enzyme-linked immunosorbent assay 

. (ELISA), or enzyme-mediated histochemistry or cyto 
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chemistry, or other enzyme-mediated techniques. En 
zyme-mediated techniques take advantage of the attrac 
tion between speci?c binding pairs to detect a variety of 
analytes. Examples of speci?c binding pairs are listed in 
Table 11. 

TABLE 11 
REPRESENTATIVE SPECIFIC BINDING PAIRS 

antigen -antibody 
biotin avidin (or streptavidin) 
IgG protein A or protein G 
drug receptor drug 
toxin receptor toxin 
carbohydrate lectin 
peptide receptor peptide 
protein receptor protein 
carbohydrate receptor carbohydrate 
DNA (RNA) aDNA (aRNA)' 

lgG is an immunoglobulin. 
'aDNA and aRNA are the antisense (complementary) strands used for hybridiza‘ 
tion 

In general, an enzyme-mediated technique uses an 
enzyme attached to one member of a speci?c binding 
pair or series of speci?c binding pairs as a reagent to 
detect the complementary member of the pair or series 
of pairs. In the simplest case, only the members of one 
speci?c binding pair are used. One member of the spe 
ci?c binding pair is the analyte, i.e. the substance of 
analytical interest. An enzyme is attached to the other 
(complementary) member of the pair, forming a com 
plementary conjugate. The complementary conjugate 
attaches to its complementary analyte to form a comple 
mentary binding complex. Alternatively, multiple spe 
ci?c binding pairs may be sequentially linked to the 
analyte, the complementary conjugate, or to both, re 
sulting in a series of speci?c binding pairs interposed 
between the analyte and the detectable enzyme of the 
complemetary conjugate incorporated in the speci?c 
binding complex. Table 12 shows the representative 
examples of speci?c binding complexes with and with 
out additional speci?c binding pairs interposed between 
the complementary conjugate and the analyte. 
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TABLE 12 
REPRESENTATIVE SPECIFIC BINDING COMPLEXES 

COMPLEMENTARY 
ANALYTE ADDITIONAL PAIRS CONJUGATE 

DNA aDNA-biotin avidin biotin-enzyme 
DNA aDNA-antigen antibody-biotin avidin biotin-enzyme 
DNA aDNA-enzyme 
DNA aDNA-biotin avidin-enzyme 
DNA aDNA-hapten' anti-hapten-enzyme 
RNA aRNA-hapten' anti-hapten-enzyme 
RNA aDNA~biotin avidin-enzyme 
antigen mouse antibody anti-mouse-biotin avidin-enzyme 
antigen mouse antibody anti-mouse mouse anti-enzyme . enzyme 
antigen antibody-enzyme 
antigen antibody-hapten' anti-hapten-enzyme 
carbohydrate lectin~biotin avidin-enzyme 
receptor ligand-biotin anti~biotin-enzyme 
lgG protein A-hapten‘ anti-hapten-enzyme 
'a hapten is any group for which there is an antibody, typically low molecular weight molecules such as drugs, dyes, 
and aromatic molecules 

for ' a drug , a toxin ,_ r 

-is a covalent bond between two reagents; all other bonds are noncovalent 

At one end of the speci?c binding complex is an 
analyte. The analyte is any molecular species for which 
there exists a complementary agent that forms a speci?c 
binding pair. Typically, the analyte is a component of a 
biological cell or has been isolated from a biological 
cell. The analyte may be any of the agents listed in 
Table ll above. If the analyte is part of or derived from 
a biological cell, the cell may be of animal, plant, bac 
teria or yeast origin. The cells may be living, or they 
may be dead. The cells may be isolated, in tissue, in vivo 
or in vitro. The analyte may be derived from a biologi 
cal cell by any process that permits separation from the 
cell such as by disruption, extraction, precipitation, 
adsorption, or chromatograpic or electrophoretic sepa 
ration. ‘ 

At the other end of the speci?c binding complex is 
the complementary conjugate incorporating the en 
zyme. Attachment of the enzyme to the complementary 
conjugate is typically by a covalent bond. Altemately, 
the high af?nity of antibodies may be exploited, using 
an anti-enzyme-enzyme interaction to hold the enzyme 
to the speci?c binding complex. Numerous methods 
and reagents exist for making the covalent bond such as 
glutaraldehyde or succinimidyl Z-pyridyidithiopropion 
ate (SPDP)[Biochem J 173, 723 (1976)]. Alternatively it 
is convenient to couple biotinylated enzymes to bi 
otinylated analytes (or to biotinylated intermediates that 
can form a second speci?c binding pair with the ana 
lyte) via the intermediacy of avidin or streptavidin since 
the latter reagents have four biotin binding sites each 
(see Example 19). Many ligands can be conjugated with 
biotin without loss of their affinity for the complemen 
tary members of their speci?c binding pairs. Glycosi-, 
dase and phosphatase enzymes are frequently chosen as 
label enzymes because of their high turnover rate, low 
cost and unique capacity to detect with high sensitivity 
biological analytes in samples that have no enzymatic 
activity. The enzyme incorporated in the speci?c bind 
ing complex interacts with the subject substrate to re 
move BLOCK and form a visible precipitate. Detection 
of the interaction of the substrate with the enzyme-con 
jugated speci?c binding complex, and thus the presence 
of the analyte, is by ?uorescence, light scattering, or 
visible appearance. Unlike virtually all existing reagents 
for detection of this interaction, removal of BLOCK 
results in formation of a detectable ?uorescent precipi 
tate precisely at the site of the interaction. A sample 
thought to contain a speci?c binding complex in associ 
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r "' receptor, protein receptor or carbohydrate receptor 

ation with a particular analyte can be contacted with 
the appropriate substrate in any of the ways previously 
described. Similarly, following the formation of the 
precipitate, the desired qualitative and quantitative mea 
surements are likewise obtained using procedures com 
parable to those previously described. 
These unique substrates are useful for enzyme 

mediated methods used in standard blotting techniques 
for identifying and semi-quantitating speci?c species of 
proteins, RNAs or DNAS. For example, the dot blot 
experiments include immobilization of proteins or nu 
cleic acids on membranes followed by speci?c detection 
by antibody-enzyme or avidin-enzyme conjugates along 
with the ?uorogenic precipitating substrates (Examples 
12 and 16). For the nucleic acid dot blot, the immobi 
lized nucleic acid is allowed to hybridize with biotin 
labeled complementary DNA or RNA probes before 
applying the enzyme-avidin or -streptavidin conjugates. 
The detection sensitivity of the dot blot using the sub 
ject substrates is equal to or even greater than those 
using the colored precipitating substrates, i.e. S-bromo 
4-chloro-3-indolyl phosphate for phosphatase, 5-bromo 
4-chloro-3-indolyl galactoside (X-gal) for galactosidase 
and 5-bromo4-chloro-3-indoyl sulfate for sulfatase. 

Western, Northern, and Southern blots, however, are 
designed to speci?cally recognize the proteins and nu 
cleic acids following electrophoretic separation. The 
separated bands are then typically transferred to mem 
brane supports that are suitable for subsequent binding 
of protein-speci?c antibodies or DNA or RNA sequen 
ces, as well as for reaction with the ?uorogenic precipi 
tating substrates. The resolution demonstrated on the 
transferred membranes by use of the precipitating sub 
strates is comparable to that obtained by use of chromo 
phoric precipitating substrates, chemiluminescent sub 
strates and radioisotope labeling. ' 
The ?uorescent substrates in this invention provide a 

unique approach to improving histochemical or cyto 
chemical detections. As stated previously, these tech 
niques can be used to probe for an in?nite number of 
antigens and DNA or RNA sequences. Since most cells 
or tissues have little or no auto?uorescence, the signal, 
i.e. the ?uorescent precipitate resulting from an enzyme 
reaction associated with the analytes being detected, 
has an overwhelming contrast over the dark back 
ground, thus allowing very sensitive detection of a 
relatively small number of analyte molecules. Further 
























